Background and Aims The aims of this investigation were to highlight the qualitative and quantitative diversity apparent between nine diploid Fragaria species and produce interspecific populations segregating for a large number of morphological characters suitable for quantitative trait loci analysis.
I N T R O D U C T I O N
and Baum (2002) reviewed the experimental approaches that could be employed to explore the genetic changes underlying plant morphological evolution, through both functional genomics and classical genetics. Since the investigations of Bradshaw et al. (1995 Bradshaw et al. ( , 1998 a number of studies have employed map-based quantitative trait loci (QTL) analysis to increase the understanding of the genetic architecture of morphological diversity in plants (Vlot et al., 1992; Doebley and Stec, 1993; Fenster and Ritland, 1994; Fenster et al., 1995; Lin and Ritland, 1997) , with the majority of these investigations focusing on morphological divergence between Mimulus species. As a model for undertaking such studies, a simple model plant system comprising a set of diploid species that display divergence in a large number of morphological traits, yet which remain inter-fertile so that mapping progenies can be raised, is required.
The genus Fragaria consists of approx. 20 species, with a base chromosome number of x = 7, that exist in four levels of ploidy. The genus has become economically important due to the world-wide cultivation of the hybrid octoploid species F. · ananassa (the cultivated strawberry) which produces large berries sold as dessert fruit and, to a lesser extent, the cultivation of the diploid 'Alpine' strawberry, F. vesca. The 12 diploid species of the genus occupy an impressive array of ecological niches and have adapted morphologically to their localized environments (Hancock and Luby, 1993) , leading to many phenotypic differences between species. The diploid Fragaria also have a relatively small genome size (164 Mbp/C) that is roughly comparable with that of the model plant species Arabidopsis thaliana (Akiyama et al., 2001) . This, together with their morphological diversity (Staudt, 1989) , close relatedness (Potter et al., 2000) and interfertility (Bors, 2000) make the diploid Fragaria an excellent candidate model system for the study of phenotypic evolution through classical genetic approaches such as QTL analysis.
A number of monographs of the diploid Fragaria (Losina- Losinskaja, 1926; Staudt, 1999a) , along with taxonomic reviews of many of the species within this group (Staudt, 1962 (Staudt, , 1989 (Staudt, , 1999b Naruhashi and Iwata, 1988; Staudt and Dickoré, 2001 ) have been published, and thus they are a well-characterized species group. In addition, the extent to which the phenotype of F. vesca populations is controlled by environmental stimuli has been quantified (Hancock and Bringhurst, 1978; Jenson and Hancock, 1981) , as has the quantitative variation at the morphological and molecular level within and between populations of F. vesca and the American octoploid species (F. chiloensis and F. virginiana) (Harrison et al., 1997 .
However, no quantitative studies have been carried out to measure the extent of phenotypic variation within the diploid section of the genus. Whilst a number of phenotypes, such as perpetual flowering, non-runnering and yellow fruit mutants, have been described and have been shown to be under monogenic control (Brown and Wareing, 1965; Deng and Davis, 2001) , the majority of variance in morphological traits observed within F. vesca is largely continuous (Staudt, 1999a) and therefore the phenotypic variance within and between diploid Fragaria species is likely to be under polygenic control. Thus an investigation to quantify the morphological variance that exists within and between the diploid Fragaria species could provide insights into the patterns of species divergence within this group and would permit the selection of morphologically diverse species for use in QTL mapping of morphological traits under polygenic control.
Fragaria vesca is a well-characterized species that has been the subject of many analyses at both the morphological and molecular levels and has a number of practical advantages for use as a parental species in the production of segregating populations for QTL mapping studies. Fragaria vesca is a self-compatible species, which facilitates the acceptance of pollen from both self-incompatible and self-compatible pollen donors (Lewis and Crowe, 1958; Evans and Jones, 1967) , allowing a greater number of interspecific pollinations to be performed. Jones (1955) performed a number of interspecific crosses between diploid Fragaria species and reported successfully producing segregating back-cross (BC) populations between F. vesca and F. viridis. More recently, Bors (2000) performed an extensive series of 31 interspecific cross combinations between nine diploid Fragaria species and found that F. vesca was interfertile with five other diploid Fragaria species. In addition, it is a largely homozygous species with many lineages that are homozygous for a particular allele at the majority of molecular loci investigated, as demonstrated for both isoenzyme and microsatellite loci (Arulsekar and Bringhurst, 1981; Hadonou et al., 2004) and there are cultivars of F. vesca that have been well characterized and breed true to type from seed.
The purpose of this study was to determine the level of phenotypic variation between species accessions of nine diploid Fragaria species. Multivariate statistics were employed to characterize diploid Fragaria species with divergent morphologies. These data were then used to select morphologically divergent interfertile parents for the production of mapping populations for QTL analysis of the genetic basis of the heritable phenotypic differences that the species display. As F. vesca has been shown to be interfertile with a large number of other diploid Fragaria species, an accession of F. vesca subsp. vesca f. semperflorens 'Baron Solemacher' (FDP815) was chosen as the female parent for all interspecific crosses performed.
M A T E R I A L S A N D M E T H O DS

Plant material
Nineteen accessions representing examples from nine different species of diploid Fragaria (including one previously undescribed species) were obtained from a number of germplasm repositories and private collections (Table 1) , either as vegetatively propagated material in the form of runner plants, or as seed. Mother plants were established in a glasshouse under ambient conditions. All accessions were cytometrically tested to confirm their diploid status against T A B L E 1. Fragaria species accessions tested in this study, their geographic origin and sources from which they were obtained known diploid, hexaploid and octoploid standards by Plant Cytometry Services, NL.
Trial plants
Ten 6-week-old clonally propagated plants of each accession, derived either from runners or by dividing the crowns of the mother plant, were used to establish a field trial. Two replicate plots of each accession were planted in July 2002 in a single row at a spacing of 60 cm on a 1-m-wide bed covered with Mypex mulch. Plants were allowed to establish and overwinter naturally, during which time all runners and dead plant matter were removed periodically.
Character measurement
A total of 23 morphological traits (Table 2) representing both sexual and asexual reproductive traits, vegetative plant characteristics and characters relating to the yield and vigour of the plants were measured quantitatively over the course of one growing season. Qualitative assessments of the plants were done using at least two accessions of each species and were made on trial plants at East Malling, UK, and on additional plant material held at the IPK Fruit Gene Bank, Dresden-Pillnitz, Germany. A range of morphological traits was recorded including vegetative, floral and fruit characteristics, plant habit, general vigour and any other unusual characteristics observed.
Floral induction and crossing F 1 , F 2 and backcrosses (BC) were performed using the parental lines listed in Table 3 . With the aim of inducing flowering, 16-week-old parental lines that had been clonally propagated either from runner plants or by dividing the crowns of the mother plants were potted into compost in 2-L plastic pots and placed in a growth room at 15 C with a photoperiod of 8 h for 4 weeks. The plants were then transferred to an unlit cold-store maintained at 2 C for a further 4 weeks, after which time they were returned to a glasshouse maintained at 18 C with a photoperiod of at least 12 h. The plants were kept under these final conditions throughout the length of their flowering period.
Pollen was collected from male parental lines and stored in a desiccator at 4 C until required. Female parents were emasculated at the 'white bud' stage and the emasculated receptacle was covered with one half of a gelatine pill capsule to protect it from rogue pollen. The emasculated receptacles were pollinated after 24, 48 and 72 h and the pill capsules were replaced after each pollination. Once the receptacles had begun to swell, the pill capsules were removed and the berry was allowed to develop normally. Seeds from crosses were collected and stored at 4 C until they were sown. All seeds were germinated by surface sowing on a 3-cm-deep layer of Levington's F2 seed compost in 70 % humidity at 18 C for 4 weeks, or until 80 % of the seeds had germinated. Self-pollination experiments were performed on all species accessions by placing a pollination hood over plants that had initiated flowers in the glasshouse. Open flowers were self-pollinated with an artist's paint brush each day until the flowers set fruit or the receptacles became blackened.
Fragaria vesca subsp. vesca f. semperflorens 'Baron Solemacher' (FDP815) was used for all F 1 crossing experiments as the female parent. FDP815 was used in preference over the 'semperflorens' variety included in the morphological investigation, as it is homozygous for a recessive mutation of a nuclear-encoded chlorophyll gene that gives the plants a pale green leaf phenotype. This allowed any rogue 'selfed' seedlings to be identified at the cotyledon stage.
Data analysis
The means of each of the 23 quantitative characters recorded were compared to test for significant differences at both the species and accession levels using a hierarchical general analysis of variance (ANOVA), with species accessions nested within species, using Genstat 6 for Windows (VSN, UK). Principal components analysis (PCA) was used as it summarizes patterns of correlations among observed variables and reduces a large number of observed characters to a smaller number of derived variables or components. It is designed to find linear combinations of the original variables that maximize the observed variance (Tabachnick and Fidell, 1989) . It therefore allows the variance within all the phenotypic traits to be considered simultaneously, and so those taxa that were maximally separated in multidimensional space were selected as parents for the proposed investigation of heritable phenotypic diversity. A PCA was performed using 14 mathematically unrelated morphological traits selected from the 23 traits recorded (Table 4) . These were chosen to encompass all aspects of the plants' morphology. The data were standardized by subtracting the accession mean from the grand mean for each character and dividing by the trait standard deviation to produce a standardized character matrix. The analysis was performed using MVSP for Windows (MVSP v3.1; http://www. kovcomp.co.uk/mvsp/) and the first three principal components were plotted using the graphical interface of MVSP.
RE SUL TS
Qualitative assessment of accessions Figure 1 shows the morphological diversity displayed by the eight positively identified species of diploid Fragaria included in this investigation. Table 5 summarizes the findings of the qualitative assessment of these eight species and highlights the key morphological differences observed for the vegetative and reproductive traits studied. Whilst many qualitative differences were observed in almost all traits studied, contrasts were most easily recognized in the floral and fruiting traits. Fragaria iinumae and F. nilgerrensis had, in general, a stout, more robust phenotype that contrasted with the more gracile habit of many of the other species and, in general, plants of F. vesca, F. viridis and F. nilgerrensis had more fecund phenotypes.
In addition, accessions of F. daltoniana, F. nipponica, F. nubicola and F. viridis displayed a deciduous, or cryptophytic, nature and F. iinumae displayed an annual vegetative habit. The diploid Fragaria accession, labelled as F. sp. 301, was not included in the qualitative analysis as it was not attributed to any of the currently described diploid species of Fragaria.
Quantitative results
The results of the hierarchical general analysis of variance revealed significant differences for all traits evaluated at both the accession (F > 6Á19, P < 0Á001) and species (F > 35Á2, P < 0Á001) levels (Table 2) . Whilst significant differences were observed for all traits, there was not a uniform spread of variation and groupings or classes could be observed for many traits.
Principal components analysis
The PCA variable loadings, percentage and cumulative percentage variance for the first three principal components are given in Table 4 . The first three principal components accounted for 74Á2 % of the total variance observed. The first principal component (PC1) accounted for 36Á3 % of the total variance, and had high contributing factor loadings from petiole diameter, peduncle length, stolon diameter and total number of flowers. The second principal component (PC2) had high contributing factor loadings from stolon internode length, stolon and petiole diameter, leaflet width and number of flowers per inflorescence and contributed 25Á8 % of the total variation. The third principal component (PC3) accounted for 12Á2 % of the total variation, with high factor loadings for leaflet length to widest point, leaflet width, calyx diameter and receptacle diameter. Figure 2 illustrates the accession distribution in the first three principal components and clearly shows the separation T A B L E 3. Crosses between diploid Fragaria species and the fertility of the progeny raised all other species accessions. The diploid Fragaria accession identified as F. sp. 301 that was not included in the qualitative analysis was compared quantitatively with the other species accessions within the trial, and was shown to be quantitatively similar to F. pentaphylla FDP702. According to the PCA, accessions of all other species were quantitatively distinct from accessions of F. vesca, with accessions of F. nilgerrensis most distinct. Therefore crosses between F. vesca and accessions of the eight other species with which F. vesca produced fertile F 1 progeny would potentially allow the production of segregating populations for QTL analysis. Crosses were therefore performed on to F. vesca 815 using representative accessions of the eight other diploid species included in this investigation as pollen donors.
Floral induction and pollination
Of the nine species that were included in this trial, only accessions of the species F. nipponica, F. nubicola, F. pentaphylla, F. vesca, F. viridis and F. sp. 301 responded to the floral induction treatment. Accessions of F. nilgerrensis flowered after overwintering in a glasshouse environment and so pollen was collected and self-compatibility could be determined from these plants. The F. daltoniana and F. iinumae accessions, however, did not produce flowers in the glasshouse environment, and thus pollen from these accessions was collected from plants from the field experimental trial but the self-compatibility status of these species could not be assessed.
The outcomes of the crosses performed, the number of seeds produced per cross, the percentage seed germination and percentage seedling survival, as well as the fertility of hybrid progeny raised, are summarized in Table 3 .
Self-pollination experiments showed that accessions of F. nipponica, F. nubicola, F. pentaphylla, F. viridis and F. sp. 301 were all self-incompatible, and F. nilgerrensis and F. vesca were self-compatible. The fertility status of F. iinumae 201 and F. daltoniana 001 could not be determined from this study as the experimental plants had not responded to the artificial floral induction procedure.
F 1 crosses were successfully performed between F. vesca and seven other diploid Fragaria species. Of these, progeny raised from three crosses (using F. nubicola, F. pentaphylla and F. viridis as pollen donors) flowered during the course of this experiment. Of the others, three failed to flower and all plants of the fourth died at the cotyledon stage (Table 3) . From the three fertile F 1 progenies, F 2 and BC populations were raised from two (F. vesca 815 · F. nubicola 601 and F. vesca 815 · F. viridis 903). Germination and survival rates for the three progenies raised (F. viridis BC, F. nubicola BC and F 2 ) were comparable when 20 seeds were sown (Table 3 ) and all segregated for the recessive yellow leaf mutation in the expected 3 : 1 or 1 : 1 Mendelian ratios (c 2 = 0Á2-0Á8, P = 0Á37-0Á65).
DIS C U SS I O N
Both qualitative and quantitative analyses were performed on eight of the 12 diploid Fragaria species known and an accession of a putative species nova (F. sp. 301) was included in the quantitative assessments. Despite a number of monographs (Losina-Losinskaja, 1926; Staudt, 1999a) and taxonomic reviews (Staudt, 1962 (Staudt, , 1989 (Staudt, , 1999b Naruhashi and Iwata, 1988; Staudt and Dickoré, 2001 ) there have been no previously reported quantitative studies comparing the diploid Fragaria, and this study highlights clear quantitative morphological differentiation between the species. Examples of the remaining four described diploid Fragaria species were not included in this investigation because living material was unavailable for study. The analyses revealed some previously unreported qualitative morphological characteristics and the quantitative analyses revealed significant variation between species for all traits quantified. The PCA partitioned the accessions studied into three distinct groupings, and on the basis of these groupings, crosses were made with the eight other species on to F. vesca which was shown to be significantly quantitatively distinct from all other species in this investigation. From the interspecific crosses performed between these parental accessions, it was possible to raise three interspecific populations that should segregate for a large number of morphological traits.
Qualitative and quantitative assessment of morphological characters
The present investigation has shown that clear morphological differences exist between all eight described species for almost all traits studied ( Fig. 1 and Table 5 ). Indeed, many contrasts in fecundity, vigour, productivity and size can be recognized between the different species and the present observations agree with previously published descriptors of the eight described species investigated (for review, see Losina-Losinskaja, 1926) . In addition, this evaluation has highlighted some characteristics that have not been reported previously: the deciduous habit of F. daltoniana, F. nipponica, F. nubicola and F. pentaphylla; the apparent annual nature of F. iinumae (where only stolon daughter plants that had established in the summer season survived the following winter in the field); and the remontant flowering habit of both F. nubicola and F. viridis. It should be noted that all plants were grown under identical environmental conditions and therefore the key morphological features of interest identified for the eight different species may not be characteristic of these species when the plants are observed in their natural environments. However, since the plants were observed in a common environment, the morphological variation that was observed can be attributed to genetic divergence between the species accessions under investigation. For all 23 of the traits measured there were significant differences between the 19 species accessions. However, not all comparisons between all accessions for all traits were significant. When plotted in three-dimensional space (Fig. 2) , three distinct groups of species accessions were recognized. The differences observed in the data and summarized in the PCA showed that accessions of F. vesca were quantitatively similar to each other, but distinct from all other species accessions. Similarly, F. nilgerrensis accessions were quantitatively different from other species accessions, whilst the variance between accessions of the other seven species (including F. sp. 301) was much lower, as summarized by the first three principal components. Whilst resolution of these species accessions through the quantitative assessment was low with the number of accessions studied here, qualitative differences, such as the bright pink fruit and waxy leaflets of F. daltoniana, the thick leathery petioles and stolons of F. iinumae, and the tertiary leaflets and wavy petioles of F. pentaphylla, allowed clear, unambiguous identification of all species investigated.
Interspecific crossing experiments
Fragaria vesca and F. nilgerrensis, two evolutionarily divergent species (Potter et al., 2000) , were maximally separated by PC1, with a smaller degree of separation on PC2 and PC3, and thus a cross between these species was the initial choice from which to raise a mapping progeny. However, F 1 plants from this cross were all stunted, displaying a compact, dwarf habit and failed to flower. The F. vesca · F. nilgerrensis hybrids of Jones (1955) that were likewise stunted, failed to flower over the course of two growing seasons. The production of segregating F 2 or BC populations from this F 1 progeny was therefore not possible.
F 1 crosses were performed to F. vesca 815 with accessions of all seven other species; however, segregating F 2 and BC populations were raised from just two. Three interspecific crosses of F. vesca (FDP815) pollinated by the self-incompatible species F. nubicola, F. pentaphylla and F. viridis were successful. All three pollen donor species were morphologically distinct from F. vesca, and were therefore all potentially useful as parents from which to produce a segregating progeny. Bors (2000) reported similar levels of seed set, germination and fertility to those in the current study for these three cross combinations and reported all three F 1 hybrids to be fertile under open-pollinated conditions. However, he did not report on the habit and vigour of these hybrids, or the ease of production of either BC or F 2 progenies. Jones (1955) reported successfully producing BC progenies using F 1 (F. viridis · F. vesca) hybrids as pollen donors when back-crossed to F. vesca and also as females when back-crossed with F. viridis. He reported that the F. vesca · (F. vesca · F. viridis) progeny showed considerable variation in both morphology and vigour and reported the segregation of a number of morphological characters within the population, such as fruit colour, perpetual flowering and stolon habit.
The F 1 hybrid seedlings produced from F. vesca · F. pentaphylla in this study were much less uniform than those of either the F. nubicola or F. viridis combinations, with plants ranging from stunted and weak seedlings that produced few flowers and runners, to healthy, vigorous, fecund phenotypes. The F 1 progeny of this cross also had an unusual intermediate stolon habit that did not initiate clonal daughter plants. This meant that only single plants of each genotype were available for crossing experiments, and these did not initiate sufficient numbers of flowers to allow an adequate number of pollinations to be done. It was, therefore, decided to raise progeny from F 1 populations that had either F. nubicola or F. viridis as a male parent.
Plants of five diploid Fragaria species were karyotyped by Naruhashi (1989, 1991) who found that F. daltoniana, F. nipponica, F. nubicola and F. vesca all displayed morphologically similar karyotypes that differed significantly from that of the phylogenetically distinct F. iinumae, which they reported as being probably the most divergent of the diploid Fragaria. Crosses between F. vesca and the three species to which it has been reported to be karyologically similar were all successful and thus the karyological divergence of F. iinumae from F. vesca, suggesting large chromosomal differentiation between the two species, most probably accounts for the failure of the cross F. vesca 815 · F. iinumae 201. As of August 2004, the F 1 hybrids of F. vesca · F. daltoniana 001 and F. vesca · F. sp. 301 had established well, but had failed to flower. Seed of the cross of F. vesca · F. nipponica germinated well; however, all seedlings died at the cotyledon stage. This is consistent with the findings of Bors (2000) who postulated a post-zygotic lethal barrier to the success of this hybrid cross.
In accordance with the findings of Jones (1955) , an F 2 progeny could not be raised by selfing the F 1 plants from the F. viridis cross. These findings are in accordance with other reports of the self-incompatibility of F. viridis (Staudt, 1953; Evans and Jones, 1967) , and the present results which showed F. viridis did not set seed when selfed. Therefore, only a BC progeny was raised using the F. viridis F 1 parent. However, it was possible to produce an F 2 population using the F. nubicola · F. vesca F 1 hybrid, indicating a possible breakdown in the operation of the selfincompatibility in this cross.
Germination and survival rates for the three progenies raised were high and all segregated for the pale green leaf mutation in the expected 3 : 1 (F 2 ) or 1 : 1 (BC) Mendelian ratios. This indicated adequate pairing between chromosomes from both species within these interspecific crosses and no pre-or post-zygotic mechanisms affecting the allele transmission rate to the seedlings, at least for this gene.
Concluding remarks
A quantitative morphological comparison of eight of the 12 currently described diploid Fragaria species has been presented, along with an accession of a previously unreported species (F. sp. 301) that is morphologically similar to F. pentaphylla. Whilst highlighting clear morphological differentiation of F. nilgerrensis and F. vesca from the other diploid Fragaria species, the resolution of other species groups within this study based on morphometric evidence was less clear. Despite this, these species show clear qualitative differences and thus by referring to both quantitative and qualitative data, it was possible to adequately distinguish morphologically between all species examined.
By referring to the morphological data generated from the quantitative assessment when selecting parents for interspecific crosses, it has been possible to produce fertile interspecific populations of plants from combinations of parents that are morphologically divergent for a large number of traits. From the quantitative differences observed between the parental phenotypes of the crosses performed, the progenies would also be expected to segregate for a large number of quantitative morphological traits. They therefore constitute an ideal model for the study of the genetic basis of the heritable phenotypic differences displayed between the species, through QTL analysis.
Despite their morphological diversity, the diploid Fragaria are remarkably closely related (Potter et al., 2000) , suggesting morphological differentiation and speciation may be the result of stochastic genetic change (such as chromosomal rearrangement) in addition to the gradual accumulation of mutation over time. Davis et al. (1995) provided tentative evidence of chromosomal translocation events since the divergence of F. vesca and F. viridis and thus, in addition to providing a model for QTL analysis of morphology, the interspecific populations presented herein offer the opportunity to study the nature and evolution of genome organization between the diploid Fragaria through comparative map-based investigations.
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